The syndrome of hypoxemia-related myocardial dysfunction in the newborn is generally associated with severe intrapartum asphyxia. We investigated the changes in total and regional distribution of myocardial blood flow (MBF) that occur during asphyxia and the factors that regulate MBF, in the chronically prepared, near term, fetal lamb. Studies were done in the awake, physiologically stable state 36-72 h after surgical preparation.
Summary
The syndrome of hypoxemia-related myocardial dysfunction in the newborn is generally associated with severe intrapartum asphyxia. We investigated the changes in total and regional distribution of myocardial blood flow (MBF) that occur during asphyxia and the factors that regulate MBF, in the chronically prepared, near term, fetal lamb. Studies were done in the awake, physiologically stable state 36-72 h after surgical preparation.
In utero asphyxia was produced by partial cord occlusion and blood flow to fetal organs was measured by the radioactive microsphere technique. A complete set of control measurements was made, and then an occlusion loop was inflated to partially occlude the umbilical vessels. After 30-60 min of partial occlusion, all measurements were repeated. The third set of measurements was made after release of the occlusion loop. Six animals were studied and 17 sets of measurements obtained.
Partial umbilical cord constriction produced a progressive asphyxia and acidosis. Cardiac output was severely depressed, although the increase in percentage of cardiac output directed to the myocardium (%F) was very significant. Release resulted in improved cardiac output and O2 and CO 2 exchange, although the metabolic acidosis was worse. No change occurred in the intramyocardial distribution of MBF during asphyxia or recovery. Total MBF was not significantly increased during asphyxia.
Multiple linear regression analysis indicated that arterial oxygen saturation (Sa02) and heart rate were statistically significant predictor variables for absolute MBF, accounting for about 45% of the variation in MBF. Further analysis determined that mean arterial blood pressure, pH, P02, and Sa02 were all statistically significant univariate predictors of MBF as %F, but only Sa02 was a statistically significant multivariate predictor, accounting for about 82% of the variation in %F.
We conclude that redistribution of a reduced cardiac output during cord occlusion is a major protective mechanism to maintain perfusion of vital organs. This redistribution is due in part to obstruction of placental blood flow, and probably also in part to chemoreceptor mediated circulatory reflexes, via O 2 receptors. No intramyocardial redistribution of coronary perfusion was observed during asphyxia; thus, this study provides no evidence for regional myocardial ischemia as a complication of severe intrapartum asphyxia. Abbreviations MBF, myocardial blood flow F,flow W, weight RFI, relative flow index HR, heart rate MABP, mean arterial blood pressure Sa02' arterial oxygen saturation
The syndrome of hypoxemia-related myocardial dysfunction in the newborn has been repeatedly described in the clinical literature (3, 14, · i9). Affected infants are more likely to have suffered peripartum asphyxia or hypoglycemia (2, 4), and to have had higher birth weights (9, 20) . Clinically, they exhibit cardiorespiratory failure and a murmur of atrioventricular valvular insufficiency (2, 3, 19, 20) . Evidence of myocardial ischemia during the fulminant period of heart failure has been obtained from biochemical (17) , electrocardiographic (4, 10, 19, 20) and radiological studies [cineangiography (2) and thallium myocardial imaging (10) ].
Pathological studies of infants who died in the peripartum period describe focal arterial necrosis and focal and. diffuse myocardial necrosis, including papillary muscle necrosis (7, 9, 20) . It is likely that the clinical and pathological pictures are related. Although the pathological syndrome of myocardial necrosis in the newborn was originally thought to be due to anatomic occlusion of the coronary arteries (8) , recent work suggests that disturbances of myocardial blood flow (9, 10) and metabolism (2) are more probable pathophysiological mechanisms.
Infants with hypoxemia-related myocardial dysfunction during the first 48 h oflife can be divided by clinical characteristics into two groups: those with severe prenatal asphyxia (hypoxemia and acidemia) who develop cardiogenic shock or heart failure, cyanosis, and tricuspid insufficiency in the immediate postnatal period (Type I); and those who , without evidence of prenatal asphyxia, develop postnatal heart failure and respiratory distress at 12-36 h with signs of global myocardial ischemia (Type II) (15) .
The chronically prepared, near term, fetal lamb was used to study myocardial perfusion during severe prenatal asphyxia. The changes in total and regional distribution ofMBF and the factors that regulate MBF were studied during asphyxia. The object of this study was to identify abnormalities of myocardial perfusion that might contribute to the syndrome of hypoxemia-related myocardial dysfunction.
MATERIALS AND METHODS
We studied six near-term fetal lambs estimated to be 130-140 days gestation. Surgical preparation was done under halothane/ oxygen general anesthesia, with controlled ventilation via an endotracheal tube. The ewe was placed in the supine posit ion and femoral arterial and venous catheters inserted. 
RESULTS
The results are presented from studies in six animals of gestational age of 130-140 days and average weight of 3.60 kg, including placenta. Measurements during asphyxia were obtained in six animals and after partial re-oxygenation in five animals. Table I describes the hemodynamic, blood gas, cardiac output, and MBF data for the three sets of measurements. Partial umbilical cord constriction produced a progressive asphyxia and acidosis. Release resulted in improved O2 and CO2 exchange, although the metabolic acidosis was worse, probabl y because of washout of acid metabolites from carcass and muscle. The characteristic hypertensive and bradycardic response to asphyxia was observed, with a return to baseline arterial pressure and heart rate during recovery from the asphyxia. Cardiac output was severely depressed, and although absolute myocardial blood flow was not significantly increased, the increase in percentage of vessels and trimming off epicardial fat and visible vessels. Then each slice was cut into three segments, represent ing the left ventricle, right ventricle, and septum. Next, each segment was divided into two layers, endocardium and epicardium. The heart so cut yielded 3 x 3 x 2 = 18 separate tissue samples, which were weighed and then counted for microsphere radioactivity.
For computer calculation of myocardial blood flow distribution , the data for microsphere radioact ivity and weight for each myocard ial tissue sample (i ) was organized into a three-dimensional matrix . Each cell in the matrix contains two pieces of data, %F and %W. The ratio of these, %F/% W, defines the RFI for each sample. RFI = %F = cpm;/cpmT = cpm;/W;
The RFI is a dimensionless index of homogeneity of myocardial perfusion, relating microsphere density in the sample of interest (i) to average microsphere density in the total organ (T); that is, the RFI defines the ratio between the blood flow to each sample and the average organ flow.
Since the values for %F and %W can be added along any axis, the matrix can be reduced to describe %F, %W, and RFI in any of three planes: vertical, circumferential, or transmural; or in any selected region. The ratio between flows for any two regions, e.g. endocardial/epicardial ratio, is the ratio of the RFI values for those regions. Also, if the average coronary blood flow (f) for the whole heart is known, the absolute flow to any region can be simply calculated asfx RFI . midline abdominal approach, a small hysterotomy was made to expose the fetal limbs. A hindlimb was delivered, and femoral arterial and venous catheters (0.86 mm ID, 1.27 mm OD) were advanced to the descending aorta and inferior vena cava. A forelimb was then delivered, and a similar axillary artery catheter was advanced to the common brachiocephalic trunk. An inflatable cord occlusion loop was gently placed around the umbilical cord. The incisions were closed and all catheters brought subcutaneousl y to a pocket on the ewe's flank. Prophylactic antibiotics were administered to both mother and fetus daily until the studies were complete (penicillin G: I million IV to the ewe, 500,000 IV to the fetus; gentamycin: 60 mg to the ewe, 20 mg to the fetus).
Studies were performed 36 to 72 h after surgical preparation. In the laboratory, the ewe stood quietly in a cart, and was allowed hay and water ad libitum and a companion. Fetal myocardial and other organ blood flows were measured by the microsphere technique, using IS-lIm diameter microspheres labeled with ')'-emitting 141Ce, 51Cr, or 85Sr (3M Com-. pany). For each measurement, approximately I million spheres were injected into the inferior vena cava over 30 sec. Reference arterial blood samples were withdrawn at a fixed rate, 1.94 ml/ min , from the brachiocephalic and descending aortic catheters, starting 30 sec before, during, and 2 min after, microsphere injection (3-min total collection time). After the ewe had rested quietly in the laboratory for 1-2 h, a complete set of laboratory, hemodynamic, and blood gas mesurements were made (Flow I). Then the umbilical cord was partially occluded by inflating the implanted occlusion loop. Continuous recording of the fetal arterial blood pressure (and derived heart rate) was done until hypertension and bradycardia were observed; Occlusion was continued until the fetal pH reached and stabilized at 7.1-7.2, and a second set of complete measurements was made (Flow 2). With this method (cord occlusion), asphyxia and acidosis are progressive, and in order not to kill the fetus, it was necessary to release the loop after the second set of measurements was made . The third set of measurements was made about 60 min after release of the cuff (Flow 3) .
At the end of the experiment, mother and fetus were painlessly killed with intravenous sodium pentothal and saturated KCI solution. The fetus was autopsied to validate catheter placement, and then fetal organs were weighed and ashed for radio nuclide counting. Radionuclide levels in the blood samples and ashed tissue samples were counted in a Searle ')' well counter. If microspheres are homogeneously distributed in the arterial blood supplying an organ, and are completely removed from the blood during passage of the blood through the organ, then the following equation calculates blood flow to that organ: F = Fax i organ/ i arterial , where F = organ blood flow (ml/IOO g/min); Fa = withdrawal rate of the reference arterial blood sample (ml/rnin); i organ = microsphere content of the organ tissue (cpm/IOO g); and i arterial =microsphere content of the total reference arterial blood sample (cpm).
In order to determine regional distribution of myocardial blood flow, the fetal heart was divided in a systematic method. The left and right ventricles were cut into three transverse slices, after first removing the extreme apex, the atria, and the great Relation between ascending aorta oxygen saturation and per cent cardiac output directed to the heart. F% is per cent of cardiac output directed to the heart, calculated as (flow to the heart/cardiac output) x 100. The reciprocal function (I/Saoz) was the equation which provided the best fit to the data points with a multiple regression coefficient (r) value of 0.91. The addition of other potential independent variables, MABP, pH, and Paos, to the multiple regression analyses did not significantly improve the correlation. cardiac output to the heart during hypoxemia and acidemia; and Peeters et al. (18) reported comparable changes when fetal arterial oxygen content dropped below 2 mM . However, our animals were more severely stressed, were considerably more acidotic , and had a pronounced fall in cardiac output. When MBF is calculated as a percentage of cardiac output, the results of all of these experiments are similar. Redistributionofa reduced cardiac output during cord occlusion, although partly a result of obstruction to placental blood flow, is evidentl y a major protective mechanism to maintain perfusion of vital organs. This implies that potent cardiovascular reflexes are activated during asphyxia , resulting in selective vasoconstriction and brad ycardia. The regulation of these reflexes is as yet unknown, although the data from this study suggest that it is chemoreceptor-mediated via Os receptors. The most significant multivariate determinant for both absolute MBF and redistribution of cardiac output was arterial oxygen saturation in the fetal ascending aorta (Sao-), Although both Saoz and HR were identified as significantly related to MBF, the regulation of coronary perfusion during asphyxia is still far from understood.
The regional distribution of MBF within the heart has not previously been reported during asphyxia. However, no evidence was found for regional redistribution ofMBF or focal myocardial ischemia during asphyxia; in fact, the regional pattern of MBF distribution was preserved unchanged and is similar to that found by Fisher et al. (13) . Thus, this study does not implicate regional myocardial ischemia as a complication of severe intrapartum asphyxia.
cardiac output directed to the myocardium (%F) was very significant (P > 0.01). Table 2 illustrates the regional distribution of MBF for the three sets of measurements, calculated by the relative flow index method. A significant heterogeneity of perfusion is evident in the control state, with the endocardium significantly better perfused than the epicardium. This pattern is preserved unchanged during asphyxia and recovery, with no evidence of changes in either circumferential or transmural distribution of myocardial perfusion .
In an attempt to define the factors that are significant predictors of MBF, multiple linear regression anal ysis was applied to the data . The independent variables chosen for analysis were HR, MABP, pH, PC02, Poz, and Saoz, and the dependent variables were MBF expressed both as absolute flow (ml/g/min) and %F.
Only Sao, and HR were statistically significant predictor variables for absolute MBF and the least squares best fit equation Clinical and experimental evidence indicates that the syndrome of myocardial dysfunction in the asphyxiated newborn is the result ofa combination ofinsults: I) critically reduced arterial oxygen content, 2) focal and diffuse myocardial ischemia, and 3) deplet ion of myocardial energy substrates, particularly myocardial glycogen, and plasma glucose. Demands for increased cardiac output in the immediate postpartum period, combined with hypoxic pulmonary vasoconstriction, may impose a workload that the compromised heart cannot sustain, with ensuing cardiac failure.
The lamb is the most frequently studied animal model of MBF in the fetus and newborn, although a study in a primate (Macaca mulatta) has been reported (I). MBF in the control, normoxic state was reported to average between 1,45 and 2.0 ml/g/rnin in the fetal lamb (l , 5, II , 13, 21), about twice that of the adult sheep (II). Both flow and cardiac work are higher in the newborn lamb than in the fetus (12) .
During hypoxia or asphyxia, MBF has been observed to increase, although the increase in mean MBF during asphyxia was less in our experiments than has been reported by others. Cohn et al. (5) found a 260% increase in the per cent distribution of 
